Hydrogen is expected to play an important role as a clean, reliable and renewable energy source. A key challenge is the production of hydrogen in an economically and environmentally sustainable way on an industrial scale. One promising method of hydrogen production is via biological processes using agricultural resources, where the hydrogen is found to be mixed with other gases, such as carbon dioxide. Thus, to separate hydrogen from the mixture, it is challenging to implement and evaluate a simple, low cost, reliable and efficient separation process. So, the aim of this work was to develop a polymeric membrane for hydrogen separation. The developed membranes were made of polysulfone via phase inversion by a controlled evaporation method with 5 wt % and 10 wt % of polysulfone resulting in thicknesses of 132 and 239 micrometers, respectively. Membrane characterization was performed using scanning electron microscopy (SEM), differential scanning calorimetry (DSC), atomic force microscopy (AFM), and ASTM D882 tensile test. Performance was characterized using a 2 3 factorial experiment using the time lag method, comparing the results with those from gas chromatography (GC). As a result, developed membranes exhibited dense microstructures, low values of RMS roughness, and glass transition temperatures of approximately 191.75 °C and 190.43 °C for the 5 wt % and 10 wt % membranes, respectively. Performance results for the given membranes showed a hydrogen selectivity of 8.20 for an evaluated gas mixture 54% hydrogen and 46% carbon dioxide. According to selectivity achieved, H 2 separation from carbon dioxide is feasible with possibilities of scalability. These results are important for consolidating hydrogen production from biological processes.
INTRODUCTION
To ensure energy sustainability in the long term, several scientific and industrial communities worldwide have been researching new energy possibilities with the aim of developing new, efficient, economical, and sustainable energy conversion processes. Among the different candidates, one of the most promising is the hydrogen which is an energy carrier, which has a heating value about 2.75 times greater than that of liquid hydrocarbon fuels gravimetrically, with only water vapor as the combustion product.
The key issue in using hydrogen is associated with production and storage costs [1] . In fact, current production methods have low efficiencies and are not economically feasible in satisfying the current and future needs of hydrogenbased energy as a substitute for fossil fuels [2] . At present, hydrogen represents a market of nearly US$ 50 billion with a 40 Mt annual production [2] , showing a growth rate of approximately 10% per year [3] . Due to these factors involved in energy production, research focused on hydrogen production is important to reduce the costs and obtain more efficient processes. Hydrogen has been traditionally produced via chemical processes, such as non-catalytic partial oxidation of fuels, hydrocarbon reforming with steam water, selective oxidation of methane and oxidative dehydration and electrochemical processes [2, 4] . However, in the last few years, hydrogen production has been focused on biological processes [2, 5, 6] , where the main principle is to decompose organic molecules into hydrogen and other sub-products during different metabolic cycles. In fact, biological processes for hydrogen production are promising techniques because they offer low production costs and better energy gains compared with chemical-based processes. Additionally, organic residuals and waste water can be used as raw materials [1, 3, 7] .
The biological processes for hydrogen production include direct and indirect bio-photolysis, reaction of gaseous interchanging, dark fermentation and photo-fermentation [2] . However, to produce pure hydrogen from these processes, H 2 needs to be separated from a gas mixture (bio-gas) and to reach a concentration as high as 99.99% required by operational standards [8] . The current methods for separating H 2 from other gases (such as CO 2 ) are mainly pressure swing adsorption (PSA), cryogenic distillation and adsorption with either amines or aqueous solutions of calcium carbonate [9] and ionic liquids as absorbents with high selectivity capacity for CO 2 separation from other gases [10] . In general, these methods have the disadvantages of high-energy consumptions and high costs.
As a result, separation based on membrane technology has received attention due to its low cost of installation and maintenance, low energy consumption, and advantages in installation, operation and control [11] . In particular, hydrogen separation has been one of the primary applications of polymeric membranes, especially in water-gas shift reactors producing H 2 and CO 2 [8] . Therefore, hydrogen separation using membrane technology can be a promising technique as an efficient and low cost process for hydrogen production, particularly for the energy sector.
One of most employed polymers in membrane fabrication for hydrogen separation is polysulfone, which is an amorphous thermoplastic and has chemical affinity with hydrogen. It is also exhibits high chemical resistance to salts and solutions, good fouling resistance and thermal/mechanical integrity mainly due to the aromatic rings in its chemical structure [8, 12 -15] . Additionally, polysulfone is soluble in different organic solvents, such as dichloromethane and chloroform.
This work focuses on the manufacturing of membranes made by the phase inversion method by controlled evaporation using polysulfone as the polymer and chloroform as the solvent [16, 17] . In this method, the polymer (polysulfone) is dissolved using an organic solvent (chloroform), and the solution is poured into a mold. During the evaporation process of the solvent, a mixture of two phases (solid and liquid) is created, and when evaporation has completed, a membrane is obtained [18] . This method can be used to produce both porous and dense membranes and is the most versatile method to obtain films with different morphological properties depending on the requirements and the particular applications [18] . Another goal of this work is to characterize and test these polymeric membranes, particularly evaluating their performances in the separation of hydrogen from a carbon dioxide/hydrogen mixture.
MATERIALS AND METHODS

Chemicals
Polysulfone (Sigma-Aldrich, Mn 22000, Saint Louis, USA) was selected because it is one of the most used materials in fabricating dense membranes for the separation of different gases according to Refs [13 -15] ; Chloroform (Panreac, Barcelona, España) was chosen as the solvent due to its chemical affinity with polysulfone.
Gas Mixture
To evaluate the separation performance of each fabricated membrane, a gas mixture of 54% hydrogen and 46% carbon dioxide (each with 99.99% purity) was employed. A local distributor of analytical gases (Linde, Bogotá, Colombia) prepared the mixture.
Methodology for Fabrication of Dense Polymeric Membranes
The fabrication procedure used in this work was based on previous reports [16, 17] . Polysulfone was dissolved in chloroform at 5% wt and 10% wt. A solution of the polymer in chloroform was poured onto petri dishes. Molds were covered using holed aluminum foil and were subjected to controlled evaporation in a chamber furnace (Thermo Scientific, Heraeus Series 6000, West Palm Beach, USA) at 20 °C for 24 hours. Finally, membranes are punched at the size of the permeability cell (50 mm diameter).
Thickness Measurement
Membrane thicknesses were measured using a dial thickness Gage (Mitotuyo, Kanagawa, Japan). For each membrane, ten repetitions were made at different points along the membrane. Average values and standard deviations were obtained.
Tensile Test
Tensile stress tests based on ASTM D882 were developed. Five probes with an area of 32 cm x 3 cm for the 5% wt and 10% wt membranes were mounted in a Universal Testing Machine Shimadzu-UH-50 A (Shimadzu, Kyoto, Japan), with a load of 5 tnf and a displacement velocity of 1 mm s-1.
Scanning Electronic Microscopy (SEM)
Membranes (5 wt % and 10 wt %) were covered with a gold layer in a Denton Vacuum LLC desk IV equipment (Moorestown, USA). SEM was conducted in a JEOL JSM-6490 LV (Peabody, USA) with a voltage of 20 kV.
Differential Scanning Calorimetry (DSC)
DSC study was performed with a DSC 2910 modulated equipment (TA Instruments, Delaware, USA). A heating ramp of 10 °C min-1 was utilized between -10 °C to 260 °C.
Atomic Force Microscopy (AFM)
AFM was used to analyze the surfaces of the membranes. An Atomic Force Microscope MFP3D-BIO (Asylum Research, Santa Bárbara, USA) was employed to determine the membrane roughness in an area of 5 µm x 5 µm.
Gas Separation Apparatus
For determining selectivity and permeability parameters, a separation apparatus was designed and manufactured, as shown in Fig. (1) . The permeability cell is composed of two stainless steel 304 cylindrical chambers. Each chamber has a diameter of 90 mm and a wall thickness of 8 mm, with two ¼ in NPT couplings for the gas inlet and outlet connections. One of the chambers is the support for the membrane. A viton joint and six equally spaced bolts provide the seal in the system. The high and low pressure chambers are separated by the polymeric membrane. On the highpressure side, the gas mixture is connected to a pressure regulator (V1), which controls the pressure according to the experimental design. Pressure gauges are located at both sides of the membrane. Additionally, a third valve (V3) is located for vacuum generation and purge on the low pressure side of the equipment. Finally, to control the temperature during the test, the entire apparatus is submerged in a thermostatic bath. 
MEMBRANE SELECTIVITY AND PERMEABILITY MEASUREMENTS Time Lag Method
The time lag method was used to obtain the individual permeability and selectivity index for both hydrogen (H 2 ) and carbon dioxide (CO 2 ). In the experiment, membranes were placed in the permeability cell. Afterwards, any gas inside the chambers is evacuated by vacuum for 4 hours. The test starts at time zero (t=0) when valve 1 (V1) is opened, and the membrane is exposed to the gas at the high pressure side. Starting at this time, the pressure on the low-pressure side is monitored [18] . Based on the pressure measurement on the low pressure side, the permeability coefficient (P) is determined according to Equation 1 [19, 20] :
Where P is the permeability index (barrers); V b is the volume of the low pressure chamber (cm^3); l is the membrane thickness (cm); A is the effective membrane area (cm^2); p a is the gas pressure in the high pressure chamber (cm Hg); T is the gas temperature (K), and dp b /dt is the rate of change of pressure on the low pressure side measured in the linear part of the pressure -time curve (cmHg s^-1)
The time-lag (θ) is determined by the intersection of the extrapolated pressure -time curve with the x-axis. The time-lag constant enables the calculation of the diffusivity (D) according to Equation 2 [21] :
Where l is the membrane thickness (cm), and θ is the time-lag s.
In addition, the selectivity index α AB was computed. This index can be defined as the capability of a membrane to separate a particular gas A (i.e., hydrogen) from another gas B (i.e., carbon dioxide). This index is the ratio of the permeability of each individual gas to be separated (P A , P B ), measured under similar conditions [22] :
Finally, the solubility coefficient (S) is calculated from the diffusivity (D) and permeability (P) indices according to:
Gas Chromatography (GC) Method
In contrast to the time-lag method, a gas chromatography method was used to determine the composition of the gas that has crossed the membrane. The chromatograph was a Varian 3400 with a Packed Porapak Q (80/10) column and a TCD detector; the carrier gas was nitrogen, column temperature was 70 °C, detector temperature was 180 °C, nitrogen flow was 30 ml min^-1, injector temperature was 100 °C, filament temperature was 200 °C, and the test time was 6 minutes.
The selectivity index α AB , based on the gas composition, was computed according to Equation 5:
Where y i is the molar fraction of the compound i in the gas mixture collected on the low pressure side, and x i is the molar fraction of the compound i on the high pressure side of the membrane. A is hydrogen, and B is carbon dioxide.
Experimental Design
For the time lag and GC methods, a factorial experiment of 2 3 was developed. The variables examined were operation temperature (25 °C and 35 °C), high pressure side value (3 bar and 4 bar) and polysulfone concentration (5% dt dp ATp
wt and 10% wt). The summary of the experimental design is presented in Table 1 . 
RESULTS
Characterization of Membranes
The membrane thicknesses were determined to be 0.132 ±0.02 mm and 0.289 ± 0.04 mm for 5% wt and 10% wt of polysulfone, respectively. Tensile test results are summarized in Table 2 . 
Differential Scanning Calorimetry (DSC)
DSC curves for 5% wt and 10% wt of polysulfone are presented in Fig. (2) . The glass transition temperatures (T g ) for the 5% wt and 10% wt membranes were 191.75 °C and 190.43 °C, respectively. 
Scanning electronic microscopy (SEM) and atomic force microscopy (AFM)
SEM and AFM results are presented in Figs. (3 and 4) , respectively. In Fig. (3) , SEM results indicate that there is no evidence of pore formation or nucleation, which is important to obtain a suitable microstructure for gas separation. 
Time Lag Results
Based on the time lag method, permeability (P), diffusivity (D) and solubility coefficients (S) were computed for each test for pure hydrogen and carbon dioxide, according to the experimental design presented in Table 1 . Afterwards using Equation 3, the selectivity index (α AB ) was determined. The results are presented in Table 3 . 
Gas Chromatography Results
From the time lag method, the ideal selectivity can be obtained using Equation 4 . However, the membrane selectivity has a different behavior when a gas mixture passes across the membrane compared to the case of a pure gas. The molar fraction and selectivity (α AB ) for each different test combination measured via gas chromatography are presented in Table 4 . The retention times for hydrogen and CO 2 were 0.7408 ± 0.007 minutes and 1.6394 ± 0.016 minutes, respectively. 
ANALYSIS OF RESULTS
Membrane Manufacturing
As shown in Table 2 , the 10% wt membrane exhibits a greater ultimate tensile strength (UTS) and lower strain than the 5% wt membrane. Hence, the concentration of polymer is a factor that can increase the strength and stiffness of the membrane. It is obvious that if the polymer concentration increases, the thickness and stiffness also increase according to the fabrication method employed. This behavior is observed because the membrane made from a lower polymer concentration has a greater mobility between the polymeric chains, resulting in a more flexible and deformable membrane than the one made from a higher polymer concentration. Additionally, DSC results show that the polysulfone concentration does not affect the glass transition temperature.
On the other hand, RMS roughness measurements show that a smoother surface is achieved in the membrane made from 5% wt of polysulfone. This behavior can be explained by the fact that the molecules have more time and space to reorganize in a uniform way. Additionally, in contrast to the results reported by Batina et al. [23] , the roughness values obtained for both membranes in this study are smaller, indicating the membranes are smoother. It is worth noting that according to Macanás [24] , transport properties should not be affected by small irregularities on the membrane surface. Finally, the surface does not show evidence of porosity for both polymer concentrations, indicating that both membranes are dense.
Time Lag Results
A variation analysis (Design Expert V. 8.0.4.1) for the obtained results was developed and presented in the Table 5 , where the percentage of influence (effect) of each independent variable over the dependent variables is evaluated. In this analysis, the effect of the three independent variables (temperature, pressure and polymer concentration) over diffusivity (D), permeability (P), solubility (S) and selectivity () was studied. According to the results obtained in this study, H 2 permeability is mainly a function of temperature (percentage of influence is 47.39%), while CO 2 permeability is more influenced by the combined interactions of pressure and polymer concentration (35.64%). Regarding diffusivity, the polymer concentration is the most influential factor for both H 2 (69.45%) and CO 2 (50.11%). Finally, the solubility is affected mainly by the polymer concentration for both H 2 (58.98%) and CO 2 (75.36%).
In the case of temperature effects, when the temperature rises, the gas molecules have more kinetic energies, which enhance the molecular transport across the membrane. In addition, a temperature increment in the whole system, and consequently in the membrane, enhances the mobility of the polymeric chains and improves the gas motion across the membrane. Moreover, since the kinetic diameter of H 2 is less than carbon dioxide, hydrogen can move more easily across the polymeric matrix, which improves the diffusion process for H 2 , as can be observed in Table 3 . In summary, a temperature rise increases diffusivity (D) and permeability (P) and reduces solubility (S) for both H 2 and CO 2 . These results are in agreement with previous studies, such as the work of Naddakati et al. [25] .
In addition, a pressure increment generates a reduction in H 2 permeability. This effect can be due to the level of H 2 absorption inside the polymer matrix, which is enhanced due to the low kinetic diameter of H 2 and the pressure rise. This behavior may be due to the absorption of hydrogen into the polymeric network, which is also favorable due to its low kinetic diameter. This observed phenomenon is in contrast with that reported in Ref [26] , in which the permeability of the gases, such as hydrogen, remained almost constant when the gases were between 2 bar and 10 bar. Finally, the solubility (S) remains constant and is independent of pressure changes, in contrast to the diffusivity (D), which increases with pressure.
In contrast to the pressure effect on H 2 behavior as reported by Bos [27] , a greater pressure on the high-pressure side induces a greater number of CO 2 molecules to interact with the polymeric matrix, resulting in polymer plasticization. This reveals that the permeability and diffusivity coefficients grow with pressure, while solubility is reduced. A reduction in the gas permeability for CO 2 is associated with a decrease in the gas solubility coefficient (S) with pressure. This phenomenon occurs because the polymer sorption sites become saturated with gas molecules at increasing values of pressure. When plasticization occurs, the polymeric chains are disrupted by the gas molecules that enable diffusion (D), which therefore increases the permeability (P) [26] .
Moreover, an increment in the polymer concentration leads to an increase in the thickness of the membrane under the same fabrication conditions and procedures. However, the membrane thickness, which enhances the mechanical performance, produces a drop in the diffusion coefficient (D). This is because molecules have to travel a greater distance across the polymeric matrix. In a similar way, the solubility is reduced with membrane thickness, but the permeability coefficient rises.
Finally, the selectivity, which is defined as the ratio between H 2 and CO 2 permeabilities, is greater than 1. This indicates that separation is achieved for both gases. The main factor that affects the selectivity ( Table 5 ) is: temperature (44.85%), followed by pressure (17.09%) and polymer concentration (15.81%). As a matter of fact, selectivity rises with temperature because it is proportional to diffusivity. Additionally, selectivity is improved with increasing membrane thickness, due to the increase of permeability of both gases. Since all permeability test results show that the H 2 permeability is greater than the CO 2 permeability, it can be concluded that hydrogen separation via the polymeric membrane is feasible. The best results are for the C test case (i.e., 35 °C, 3 bar and 10% w.t polymer concentration).
Gas Chromatography Results
Membrane selectivity determined via gas chromatography is considered as the actual selectivity. This is because the analysis implicitly involves the real interaction between both gases, in contrast to the time lag method where the selectivity is determined for each gas separately. In fact, the GC method directly analyzes the composition of the gas that has crossed the polymer membrane.
According to the obtained results shown in Table 5 , selectivity is mainly affected by temperature (80.72%) in an inverse manner, i.e., when the temperature is increased, the selectivity is reduced, and separation is improved at 25 °C compared with the same conditions at 35 °C. In contrast, the polymer concentration and pressure have low effects (1.96% and 12.32%, respectively) on selectivity, where the concentration and pressure are directly and inversely correlated to the selectivity, respectively. The best conditions according to the chromatograph results correspond to test case A (25 °C, 10% w.t polymer concentration and 3 bar).
In both methods, the temperature is found to be the main factor that influences selectivity. Additionally, in both methods, the selectivity is inversely correlated with the temperature; hence, the temperature is chosen to be 25 °C for the separation process. In addition, both methods reveal an inverse relation between the pressure and selectivity and a direct relation between the polymer concentration (membrane thickness) and selectivity.
To conclude, both methods are in agreement on the best conditions for separation, in terms of the pressure (3 bar) and the polymer concentration (10% w.t). However, the two methods show different trends for temperature. For the time-lag method, the best condition is at 35 °C, and for the GC method, the ideal temperature is 25 °C. This discrepancy can be explained by the fact that in the time lag method, only one gas is tested at a time, and when the temperature rises, the kinetic energy of the gas molecules rises, enhancing the diffusion process for molecules with the same kinetic diameters (i.e., pure H 2 or pure CO 2 ). However, in the case of a CO 2 -H 2 mixture with several orders of difference between the kinetic diameters of CO 2 and H 2 , hydrogen diffusion becomes more complicated due to its smaller diameter. Because the GC method directly analyzes the probe after the separation process, the best conditions obtained from this work are ones described for test case A.
A comparison of the current results to data from other authors is presented in Table 6 at a temperature of 35 °C. As can be seen, the selectivity obtained by the GC method is on the same order as the values reported by other authors and reveals that an effective separation of hydrogen and carbon dioxide is possible. The main parameter that determines gas separation is the selectivity determined from results given by the GC method. According to the results obtained, the concentration of hydrogen increased from 54% (before the membrane) to 90.58% (after the membrane). 
CONCLUSION
This paper focused on the fabrication and performance evaluation of polymer membranes for hydrogen separation from a CO 2 -H 2 mixture. In this study, the obtained membranes were able to separate a mixture of these gases. This is an advantage because, by using membranes, it is possible to integrate the separation process into hydrogen production in a fermenter. In this scenario, temperatures are close to ambient temperatures compared with other methods of hydrogen production. Furthermore, the method of membrane production proposed in this study is easy, economical, and reproducible. Additionally, it is possible to scale-up to an industrial process. Finally, the best conditions for hydrogen separation were found to be 25 °C and 3 bar using membranes made from 10% wt of polysulfone, and the obtained selectivity was 8.2.
